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(57) Abstract: The present 

invention relates to apparatus and 
method a new high-resolution 
reflectometry technique that operates 
simultaneously in both the time and 
frequency domains. The approach 
rests upon time-frequency signal 
analysis and utilizes a chirp signal 
multiplied by a Gaussian time 
envelope. The Gaussian envelope 
provides time localization, while the 
chirp allows one to excite the system 
under test with a swept sinewave 
covering a frequency band of interest 
This later capability is of particular 
interest when testing communication 
cables and systems. High resolution 
in detection of the reflected signal 
is provided by a time-frequency 
cross correlation function. The 
high-accuracy localization of faults 
in a wire/cable is achieved by the 
measurement of time delay offset which is obtained from the frequency offset of the reflected signal. The apparatus enables one to 
execute an automated diagnostic procedure of a wire/cable under test by control of the peripheral devices. The present invention 
the time-frequency domain reflectometry can be applied to a variety of industries where high precision measurement and testing is 
required: communications, instrumentation & measurement, material engineering, semiconductors and aerospace & aeronautical 
etc. The time-frequency domain reflectometry can be directly applied to commercial instrumentation devices for the enhancement 
of performance, e.g., cable testers and impedance analyzers. Also time-frequency domain reflectometry can provide an improved 
solution to smart wiring systems and signal integrity problems where high resolution and accuracy are required. In addition, the 
classical application fields of TDR, i.e., geographic/resources surveys, material surface tests, radar/sonar purposes, communication 
network wirings, optical cables diagnoses, remote explorations, fluid pipe leakage detections, water gauges, etc. 
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TIME-FREQUENCY DOMAIN REFLECTOMETRY APPARATUS AND METHOD 



TECHNICAL FIELD OFTHE INVENTION 

5 The present invention is a new apparatus and methodology in instrumentation and 

measurement for detection and localization of the faults in a wire or cable of an electric or electronic 
system where high level of reliability is required In particular the invented apparatus is capable of 
detection and localization of faults in high resolution based on the time-frequency domain 
reflectametry methodology that allows one to consider time and frequency simultaneously while the 

10 conventional apparatus and methods rely on either time or frequency only Therefore, the invented 
apparatus and method achieve higher accuracy in detection and localization of faults in variety types 
ofcable and wire. 

THE STATE OFTHE ART 

15 

The importance of electrical wiring and associated fruits has been highlighted by the 
investigation of several aircraft crashes. Atiny fruit ma wire 

serious damages to the overall system. This problem is not limited to commercial aircraft only: 
systems where complicated wiring is involved and higher safety is required, like military aircraft, 

20 space shuttle, nuclear power plants and very tall buildings, eta, might free wiring problems. Thus 
detection of fruits with high resolution is required for diagnosis and maintenance of wiring systems. 

The detection and localization of fruits in electric cable or wire are the important technical 
task to tie instrumentation and measurement engineering, which is an ^plication of cable tester and 
impedance or network analyzer Also the cable and wire manufacturers demand high-resolution 

25 detection and localization of fruits for their product quality assurance. 
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Thereflectomteryis a fundamental basis for detection and localization of cables fir diagnosis 
of a wiring system. The principles of the relfectometry is to compare the transmitted reference signal 
and the reflected signal from the faults or discontinuity of a conductor for detection and localization. 
The contemporary state-of-art for wiring/cable fault detection can be categorized by time 
5 dcjmam analysis and frequmcydomamanaf^ 

(TDR) is used, 'whereas in frequency domain analysis, frequency domain reflectametry (FDR) and 
standing wave reflectometry (SWR) are utilized The application of the reflectometry is extended to 
optical known as optical frequency domain reflectometry (OFDR). Eachmefliodology is based on me 
appiupriate analysis of the reference signal and reflected signal eifoer in me time or fiequency domain 
10 only. Some TDR based commercial electronic devices to test foe healfo of wiring are available in me 
market The frequency domain reflectometry (FDR) and standing wave reflectometry (SWR) employ 
analysis of the reference signal and reflected signal in me fiequency domain, and the SWR-based 
systems are under development 

However, technical problems with these methodologies are the feet that foeir resolution and 
15 accuracy performance for detection and localization are limited, because both time domain 
refelecomtery and frequency domain reflecomtery rely on the analysis of the reflected signals in only 
one domain, either time or frequency. 

In TDR a step pulse is applied to the wire/cable under test, which is then reflected by any 
faults present The time it takes for foe reflected signal to niake a roundup 
20 distance from foe knowledge of file velocity of propagation. A drawback of fois method is mat its 
resolution is limited by rise time of fo 

broad frequency range, TDR is usually not suitable for investigating the RF properties of a cable, 
which is imrxjrtant, for example, when dealing with wires/cables used for communication purposes. 

On fiie ofoer hand, FDR often uses a swept fiequency signal winch allows one to place foe 
25 energy of foe reference or probing signal in the RF band of interest The FDR detects and locates 
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faults as well as characteristic impedance of an electric conductor by directly measuring the phase 
differences between an input wave and the reflected wave of the conductor, wherein a sinusoidal 
wave serves as the reference signaL When a fault is existent in the conductor; a resonance between the 
two signals is produced The FDR, being a method for analyzing signals in frequency domain alone, 
5 is limited in its resolution by sweep bandwidth. Furthermore, it has a drawback that its accuracy in 
distance estimation of feite 

DISCLOSURE OFTHE INVENTION 

10 The present invention, conceived in view of the foregoing, aims to provide time-frequency 

domain reflectomeby apparatus capable of ardritectitng an input signal in time-frequency domain 
fitting to frequency characteristics of a conductor under test By investigating the reflected and 
reference signals in time domain as well as in frequency domain simultaneously using time^frequency 
domain reflectometry using the apparatus. 

15 The new invention of methodology Oat we introduce is a joint time-frequency domain 

reflectometry (TFDR) technique can be characterized by its capability which cultures many of the 
advantages of TDR and FDR maitioned previously. The reference signal is a chip signal, which 
allows one to apply the RF power in the band of interest To provide time localization, the chirp signal 
is multiplied by a Gaussian envelope in the time domain. The design of reference signal in time and 

20 frequency domain is the generalization of the contemporary reflectometry in time or frequency 
domain only: time-frequency domain reflectometry can be characterized by time and frequency 
localization as a mixture of time domain reflectomtery and frequency domain reflectometry For 
example, undo: the conditions with no frequency sweep and the duration of the Gaussian envelope is 
very large, the reference signal of fee time-frequency domain reflectometry takes cm a pulse-like 

25 character reminiscent of the reference signal of TDR. Similarly for a very small duration of flie 
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Gaussian envelope, the reference signal of the time-frequency domain reflectametry corresponds to 
the swept sinusoidal reference signal of FDR. Therefore^ the time-frequency domain reflectomtery 
scheme provides flexible application depending on fee physical characteristics of fee wire or cable 
under test Note that fee reference signals in TDR or FDR is constrained in time and frequency 

5 domain, respectively. 

For the detection and localization, the time-frequency distributions of the reference signal 
and the reflected signals are calculated Then these two time-frequency distributions are cross- 
correlated in fee time-frequency domain. The peak in the time-frequency cross correlation function 
allows one to estimate an accurate round-trip propagation time and, hence, distance, as in classical 

10 TDR However for a hi^^-accuracy localization of fee friult, the measured arrival time is 
conqjensated by fee frequency oflset of fee reflected signal which can be converted into time 
information. This is an unique feature of fee tims-ftequency domain reflectametry for fee high- 
iesoMon detection and localization where fee time and frequency information is treated 
simultaneously. Yet, fee experiment is earned in an RF band of interest which is relevant for fee 

15 particular wire/cable u^ 
in next section. 

Another object of fee present invention is to provide time-frequency domain reflectametry 
apparatus having a wide spectrum of applications in geographic/resource surveys, material surface 
tests, iadax/sonar purposes, communication network wirings, optical cable diagnoses, remote 
20 explorations, fluid pipe leakage detections, water gauges, etc. in addition to fee conventional 
qjpHcation in detecting and locating of feults in a conductor; wife a new access method in 
reflectametry fen: pnxxssing a 
time-frequency domain 



25 



hi order to achieve fee above objects, a time-frequency domain reflectametry apparatus for 
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detection and localization is composed of following components: a personal computer (PQ capable 
of performing main control p ro g r am of a predetermined time-frequency domain reflectametry, 
including a device control program that controls control external instrumentation devices for the 
generation of the reference signal and acquisition of the reflected signal. The system consists of a 
5 circulator; the waveform generator and the data acquisition equipment which is connected to a 
computer with GPIB cable for automatic control of flie instruments. The computer controls the 
waveform generator to produce the Gaussian eiwelope chirp a 

cable via the riiculator This reference signal is reflected at the fault location and bade to the circulator. 
The drculator redirected reflected si 
10 and synchronizes the waveform generator and data acquisition equipment, calculates the time- 
frequency distribution of the reference signal and reflected signals, and executes the time-frequency 
cross correlation algpiitlnu. 

BRIEF DESCRIPTION OF THE DRAWINGS 

15 

Fig. 1 is a block diagram showing 
apparatus in accordance with the present invention 

Fig. 2 shows a time-frequency distribution of a chirp signal with Gaussian envelope which is 
the reference signal of fee time-frequency domain reflectametry apparatus for explanation of the 
20 present invention. 

Fig. 3 is a flow chart shows process of algorithm in a time-fiequency domain reflectametry 
method in accordance with the presort invention 

Fig 4 shows an emnplf <~*f <nmi snapshot f™-fTTTT program ranfanl in accordance with the 
present invention 

25 Fig. 5 depicts time-fiequency domain distributions of W s (t,a>) (reference signal), 
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• ^(f-frf»tf)(tam <») (reflected signal) in accordance with the present 

invention. 

Fig. 6 depicts an experimental simulation setup for a faulty coaxial cable testing simulation 
in accordance with an embodiment of the present invention 

Fig. 7 shows time (a) and frequency (b) marginals of the time-frequency distributions of the 
individual signals in the experiment described in Fig. 6.(Note feat the individual distributions are 
normalized for illustration. Time centos are shifted to that of the reference signaL) 

Fig. 8 illustrates frequency response of the coaxial cable for normal and faulty state in 
amplitude in (a) and phase (b) characteristics ofthe conductor under experiment ofFig. 6. 

Fig. 9 illustrates the reflected waveform of the faulty coaxial cable in time domain at node 1 
with fault in (a) and transmitted waveform in time domain without fault at node 2 in the experiment of 
Fig.6. 

Fig. 10 illustrates the time-frequency cross correlation functions between the input reference 
signal and fee reflected waveform of fee faulty coaxial at node 1 wifibt feult in (a) and transmitted 
wa^cmiwittoutfkiltatnod^ 

<BriefE3q>lanation ofthe Main Figures in the Drawings^ 

100: PC 110: Device Control Program 

120: Time-Frequency Domain Reflet 

130: Processor Control Program 

200: Digital Signal Processing pSP) 

300: Reference Waveform Generator 

400: Data Acquisition Instrument (DAI) 

500: GUI Program 

600: Electric CableA\%e Undo: Test 
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700: Circulate 

BEST MODE FOR CARRYING OUT THE INVENTION 

Now, cwnstnictian of fee present invention is explained below in more detail by describing 
fee implementation of the invention with the accompanying drawings* 

Fig. 1 is a block diagram showing control process in a time-frequency domain reflectometry 
apparatus in accordance with the present invention. 

As shown above;, Numeral 100, which represents a personal computer (PC), is a device 
where the main program of a time-frequency domam 
present invention is executed. 

Numeral 200, representing a DSP, computes time-frequency distribution Amotions. 

Numeral 300, representing an AWQ generates irput reference signals for a wire/conductor 
undertesL 

Numeral 400, representing a DAI, acquires reflected signal from a wire/conductor under test 
as well as input signal generated by an AWGvk a cirailatoi; and stares the same. 

For the execution of the detection and localization, the above AWG 300 generates input 
reference signal-chirp signals. A chirp signal is a signal, of which the frequency changes in a linear 
manner with elapse of time. The dmp signal adopted here is one, of which the frequency rises 
lineady with time. 

hi this invention, the chirp signal is multiplied by the Gaussian envelope so that a 
localization in time-frequency domain could be accomplished (cf Kg. 2). An expHtit expression of 
the reference signal to be generated is as follows: 

where t and t 0 stand for time and initial time, respectively, a stands for Gaussian 
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constant, fi stands for feequoicyiroieasei^^ co Q stands for angular velocity. 

Parameter value for signal generation is qjplied through the AWG 300 and GPIB 
programming offhePClQO, wMe foe operations of reference signal generation are controlled by the 
PC 1 00. The generated input reference signal thus is applied to the wire/cable undo- test, and when it 
5 confronts a fault, while the other parts of fee signal is transmitted further An oscilloscope captures the 
reflected wave as well as the transmitted wave from each channel, and then displays them on a screen, 
which operation is performed also by GPIB programming. Also foe acquired data is stored as a 
numerical file which is transferred to foe PC 100 for foe execution of foe detection and localization 
algorithm. The parameter values of foe inpcb reference signal can be modified by foe PC 1 00 in 
10 accordance with foe attenuation characteristics of a wire/cable under test even during a triggering 
operation. 

The process control program 130 receives foe two files inputted fiom foe PC through a 
GPIB cable and then transmits foe same to foe DSP 200. The DSP 200 compares signal [S(t) ] 
information with data fetched fiom foe oscilloscope to detect faults in foe wire/cable under test, 

IS computes to localize foe faults using a time-frequency domain reflectometry detection and estimation 
algorithm 120 of foe DSP program. An easy control of foe PC 100 as well as of external devices, such 
as monitor; key board, buttons, etc. could be enabled using foe GUI program 500. With foe GUI 
program 500, parameter values for different conductors 600, input wave, output wave, etc. can be 
displayed on a monitor as shown in (D of Fig 4, architecture of a desired chirp signal can be 

20 substituted by input of parameters as in (D ofFig 4, foe wave forms of input signal and output signal 
cm be represented visually as in (3) and ® of Fig. 4, visual analysis as well as re p rese nt ation of a 
resulting value in numerals are also enabled as in © of Fig. 4, and control of entire external devices 
through simple keyboard inputs and button elides are enabled. 

Fig. 3 is a flow chart showing control process in a time-frequency domain reflectometry 

25 method in accordance with foe present invention As shown in the drawing, a time-frequency domain 
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reflectomdry method as per the present invention, ie. a method for detecting and locating faults in an 
electric wire/cable under test in accordance wife the present invention comprises the step: of inputting 
(S 1 0) values for physical and electric characteristics of a wire/cable under test 600 under test using 
GUI, after the wire/cable under test has been connected to a system via a cable and then the system 
5 has been initialize^ 

the wire/cable undo- test in a frequency domain, after size and phase of a reflected wave in the 
frequency domain has been estimated on the basis of an inputs 

selecting a minimal time distribution (S12) that satisfies the uncertainty poodle between the selected 
frequency and the time in the above selected frequency domain; of arcbitecting an optimal input 

1 0 reference signal (S 13) through multiplication of a Gaussian envelope of the selected time distribution 
by a chiip signal occupying the selected frequency domain; of generating fee reference signal (SI 4) 
by an AWG 300 for a wire/cable under test 600 to be tested physically, after the above architected 
wave form has been transmitted to the AWG 3 00 via a GPIB ; of storing wave form of the reflected 
wave (S15> passed toough fee wire/cable under test 600 from fee DAT 400 and f nmrnirtfrng fee wava 

15 form to fee inner program in form of a. file fnrmilfemnniiglywyth flip above step of generating reference 
signal; of computing a time-frequency distribution function (S 1 6) from fee received wave form signal 
by fee DSP 200 for a rapid calculation; of detecting faults (S17) in fee wire/cable under test 600 
considering fee inputted electromagnetic characteristics of fee wire/cable under test after time- 
frequency cross correlation functions have been computed from fee input signal and fee time- 

20 frequency distribution functions of fee reflected wave; oflocalizing fee reflected wave (S 1 8) using fee 
time-frequency correlation function, if any fault is diagnosed; and of estimating the correct location of 
faults in fee wire/cable under test (S19) after localized time delays, frequency displacements of fee 
reflected wave have been computed fiom marginal of fee time-frequency distribution function for fee 
above localized signal, and then fee signal distortions have been compensated by timo-fiequency 

25 increase rate of fee architected agnaL 
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The time-frequency domain reflectametry as above is described in more detail below. The 
present invention presents an improved input signal and a processing method to realize a higher level 
of accuracy in comparison to the conventional art In other words, an input si gnal as architected in the 
present invention is a time localized chirp signal having fee following characteristics: This input signal 
5 is designed as standing wave having a size of Gaussian distribution in time domain as well as in 
frequency domain so that it could be interpreted in both time domain and frequency domain, and 
having a limited bandwidth with its frequency changing linearly. Since this signal is shaped to 
correspond to a Gaussian distribution, it shows a higher accuracy in respect to dispersiveness, pulse 
spread, noise, and distortion compared to a time domain reflectametry (TDR), which uses pulse wave. 

10 Further the TDR interprets input wave and output wave in time domain alone for detecting 

ami locating faults in a wire/cable under test, while the frequency domain reflectametry (FDR) and 
the standing wave reflectometiy (SWR) interprets the same only in frequency domain. In contrast 
thereto, an input signal as per the present invention is architected to be interpreted in both time domain 
and in frequency domain, so feat an accuracy higher than that obtained through an interpretation in 

IS either one of time domain or frequency domain can be achieved 

Moreover, the present invention provides a time-frequency domain reflectometiy (TFDR) 
for interpretation of an input signal in both time domain and frequency domain. For interpretation in 
both time domain and frequency domain of an input signal as architected in the present invention as 
well as the reflected signal, the present invention uses Wigner distribution, which is a function 

20 representing distribution of a signal in time domain and frequency domain The input signal 
architected in the present invention can be formulated as follows : 

j(0 = (a/^) 1/4 e' a( '"' s),/2+y/,( '"' 6),+ ^ ( '-' < ' ) (1) 



25 



where a denotes fee width detenrrination factor of Gaussian distribution, P denotes the 
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frequency increase rate factor to time. Atime center (t s ) and a time duration (T s ) of a signal on time 
axis can be obtained using Formula (1): 

f, = J*KOf<fr = 'o T?-p-tflM®J*±l/2a (2) 

5 

Further, a frequency carter (<o 0 ) and a bandwidth (5, ) on frequency axis can be obtained 
fiom Fourier transform (Formula (3)) of fee input signal as follows: 

e 2i °- m (3) 

m 

10 a>, = \o>]/S(a4 da> = a> 0 B, 2 = fa - a> Q ) 2 \S(a)f dm = a ±& (4) 

In the same manner, a time renter (f r ) and atime duration (7^.) of a reflected signal on time 
axis, a frequency center (o> r ) and a bandwidth (2? r ) of a reflected signal on frequency axis can be 
obtained using Formula (2) and Formula (4). 

Accordingly, in order that an input signal is applied to an object wire/cable under test, the 
15 input signal shall be designed to fit to the ftequency-dependoot attenuation characteristics of the 
wire/cable under test through selections of parameters a 9 fi, and o 0 of the signal A parameter 
detemiination process of a signal comprises &e following steps o£ 

1. Obtaining (characteristics of a wire/cable under test by) size and phase difference; 

2. Selecting a maximal frequency in vi^ of fte size attenuation in fi^juency domain; 

20 3. Selecting a minimal frequency m of frequency (band) widfli of the AWG and of 

the waveform branching instrument fiom difference in frequency with the maximal 
frequency, 

4. Determining parameter a , after having selected a time domain width larger than the 




WO 2004/005947 PCTYKR2003/001336 

12 

reciprocal of the above selected frequency (band) width; and 
5. Detenrrining by computing the frequency increase rate between the lowest 
frequency and the highest frequency within the selected time duration. 

5 M order to evaluate the normalized time-frequency cross correlation function ( C sr if) ) for 

detection and localization, the Wigner distribution of the reference and reflected signals are to be 
evaluated by the equation as follows: 

Wit^^^t^sit^rX^dr (5) 
2k J 2 2 

where JF,(f,tf)) denotes Wigner Distribution of the input signal. Then fee Wigner 

10 distribution o f the input reference signal is obtained as follows 

* n 

After evaluation of fee Wigner distribution of fee input reference and reflected signals, fee time- 
frequency cross correlation function for detection and localization is obtained as follows: 

15 E t = \\W s {t\a>)daxU E r (t) - W r (t\<D)dadt (8) 

Hie time-frequency cross correlation function provided above measures time-varying 
similarity of fee time-frequency distributions between fee reference signal and fee reflected signal 
Therefore;, fee existence of fee reflected signal is to be detected by a quantitative number between 0 
and 1. Afioilt in a wire/(^le under test canbe diagnosed from existence of such reflected signal 
20 However for a hi^i-accuracy localization of fee fault, fee distortion of fee reflected signals 

is to be analyzed, which is caused by fee wire/cable. Hie distortion of fee reflected signal is fee 
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intrinsic source of localization error in classical time domain reflectamtery and frequency domain 
reflectametry. However, in time-frequency domain reflectomtery, the error caused by the fiequency- 
dependent attenuation can be compensated by the evaluation of fee time oflset in associated with the 
frequency oflfeet Considatoepiopagpti^ 

As the signal propagates along the media with spatial variable x , the waveform will be 
changed by the transfer function of flie media H(a> 9 x).Ldt u(x 9 t) be a waveform &at is observed 
at a distance, $x$, for a given initial condition, u(x,t)=s(t), then, the general solution of tie 
u(x,t) is, 



(9) 



10 Thus, an input signal in a frequency domain after having progressed by x can be 

represented through a mult^Ecation of the initial input signal by transfer function of Ihe medium. 

Fmthennom, since a transfer function of Ihe medium is determined by a(a)) : frequency-dependent 

attenuation, k(co) : dispersion, the following Formula can be obtained: 

H(<Q 9 x) = Ce^ ai " yM " ))x C: normalization fector (10) 

15 TlKasrfbre,theii^ 

as Mows: 

H{x 9 t) ^^\S{m 9 x^0)H{a} 9 x)e J ^da> (U) 

When the input signal propagates through a wire/cable without the fiequency^dependent 
attenuation, the transmitted signal maintains a shape identical wfa 
20 time delay, t d corresponding to the propagation distance in &e wire/cable undo- test However, the 
input reference signal suffers a fiequeacy-clependent attenuation in the transmission through the 
medium, io, wire/cable undo: test in this experiment In particular, attenuation of high frequencies 
becomes apparent in wire/cable under tests, which phenomenon causes shifts of the time coaler on 
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time axis and the frequency center on frequency axis of me input signal to new t u(x) co u{x) , 
respectively, leading to errors in lcxalization of the faults. 

Since the input signal is architected to be in a linear section of a(a>) and , 
a(a>) = A<o, k(co) s Kco can be assumed Thus, a time center on a new time axis, t u{x) of me 
input signal as transmitted through ti^ 

'«(,) = J<K*flfa (12) 
= Re js\a> >X )(~-^(a>,x))d&yKx (13) 

where v denotes progression speed of me input signal m me medium when me fr^ 
is co a(z) . Ihe center frequency, co u(z) on frequency axis can be obtained in the same manner as 
follows: 

«W) = ja\S(&)fda> (14) 

= fi> 0 ^Ax = c> 0 -Sa> (15) 

llierefon^lhe delay fectorand So oftfaecMip signal, wbich is 

the input signal of real wave is as follows : 

Sod 

t d =t u{x) -t,+y=td+a (16) 

By su mm a rizmg the values obtained above, we can obtain a time-fiequency domain 
distribution chart as illustrated in Fig. 5. mfonnation on the location of fruits in a wire/cable under test 
(c^) as wen as on the total length of the wireAable under test (</, ) can be obtained from the above 
data as follows: 
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rf,-^ f d=v.t d d7) 

Figs. 6, 7, and 8 stow experiment conditions for actual experiments of a wire/cable under 
test in accordance with an implementation of the present invention. Kg. 6 shows a schematic 
construction of experiment for a wire/cable under test .to be tested in accordance with an 

5 implementation of the present invention. Fig. 7 illustrates time domain (a) and frequency domain (b) 
marginals of fee time-frequency distributions of fee individual signals in Fig. 9.(N6te feat fee 
individual distributions are normalized for fllustratiaiL Time craters are shifted to that of the reference 
signal) Fig. 8 illustrates physical characteristics of fee wire/cable under test in this experiment in 
terms of amplitude in (a) and phase in (b). 

10 In fee exemplary experiment, an actual wire/cable under test of radio guide (RG)-141 type 

by advanced design system (ADS) is configured: an input reference signal as designed in the present 
invention is applied to the wire/cable under test, and thai, operations of detecting and locating faults in 
fee wire/cable undo: test have been performed by processing fee inputted signal as wefl as fee 
reflected signal in accordance with the processing method described above. 

1 5 Characteristic data of a wire/cable undo* test in its normal state are easily obtainable from 

manwdfkturCT 

input reference signal, eg. wife the following parameters: 
Time duration of chirp: 30ns 
Frequency bandwidth: 900MHz (100MHz ~ 1GHz) 

t- to 900MHz, 
20 Frequency sweep: Lmear increasing (/? = ) 

When fee input signal described above is transmitted through fee wire/cable under test, 
information on the reflected signal and the transmitted signal can be acquired from an oscilloscope, at 
node land node 2, respectively, in Fig. 9. In Table 1, fee experimental result data obtained using fee 
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time-frequency cross coxrelation function in Formula (7) are summarized From the experimental 
result, localization of the reflected signal alone is obtainable, and from the time-frequency domain 
distribution of each signal, a time center on time axis, t s , a frequency center on frequency axis, f 5 ,z 
time duration of (he signal, T s9 and a frequency band width, B s , of each signal can be obtained The 
process of obtaining the values on liable 1 can be summarized as follows: 

0 The time series of reference and reflected signals as shown in Fig. 8 can be acquired by 
the oscilloscope. 

(2) The existence of the reflected signal is determined by the time-frequency cross 

correlation function for the localization in time domain. 
® Each signal can be localized through measuring similarities between the input signal and 

the reflected signal using &e time-frequency correlation function, and then classifying 

them by a threshold value. 
® Then, each of the localized signal is expressed in a time-frequency domain using Wigner 

distribution, and pioj ected to time-frequency axis, to obtain a result as shown in Fig. 10. 
© The values shown m Tabfe 

evaluation which is to be converted from the frequency offset The experimental result 

values obtained by the experiments are summarized in following Table 1: 



Mel: 





Reference Signal 


Reflected Signal 


Transmitted , 
Signal 


Time Center 
(*„ ns) 


71.94 


360.11 


36U4 


Time Duration 
(2V. ns) 


20.17 


1&30 


21.05 


Frequency Center 
(/„ GHz) 


0.6039 


' 0.5352 


0.5778 


Frequency Bandwidth 
GHz) 


0.3960 


'■/.'.• 05432. 


0.4245 
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Since the relative dielectric constant of the wire/cable under test is e r = 2.1 , transmission 
speed of the input signal in the medium is: 

v = -i= = £i^L = 2.07 x 10 8 (m/sec) (18) 
4e r V2.1 



From flie time center on time axis of the 
time axis offlie reflected signal (f r = 360.1 1 ), a difference of Af = 360.1 1 - 71.94 = 288.17(/w) 
can be obtained The position of a fault can be localized as follows directly from A* above: 



The method of localizing a fault by compensating distortion caused by a medium proceeds 
as follows: 

a is & = inFonnula (16). 
P 

Since & represents the difference between trequeocy center of an input signal and that of 
a reflected signal, 8f = 0,6039- 0.5352 = 0.0687(G£fe) . Since p was set to 
3.00 xlO 16 .Hz /sec , when the input signal was architected, we can obtain 

5t=$r= 0 :°!? 7 r < ? l f = 229(ns) . Thus, a result t d =Al + 8 = 288.17 + 2.29 = 290.46(/w) 
p 3.00x10 

can be obtained from Formula (16). 

From Formula (17), we can obtain a localization of the fault as Mows: 



2* 
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Since infomiation on fee reflected signal is also known from the experiment, information on 
fee total length of the wire/cable undo: test can be obtained in fee same manner. 

At , between the input signal and the transmitted signal, can be obtained from Table 1 , 
5 as # = 361.14 - 71.94 = 28920(/w) . Likewise, & between fee input signal and fee 

transmitted signal can be obtainedfiom <3f =—. Since the St between the input signal and the 

P 

transmitted signal is = 0.6038- 0.5778 0.0261(GHz) , we can obtain: 

A % 0.0261X10 9 AO _, - 
P 3.00 xlO 16 

Thus,aresult, d t =vt d =(2.07xl0 8 ). (290.07 x 10^) = 60(m) can be obtained, 
10 which aflows us to localize a 02%. 

Although fee present invention has been described above wife reference to a specific 
preferred implementation and wire/cable under test, it should not be confined by fee exemplary 
application, because one of fee main feature of fee time-frequency domain reflectomtety is fee design 
flexibility of fee reference signal depending upon fee wire/cable under test However, fee feasibility of 
15 the high-resolution detection and higjbhaccuracy localization is valid as long as the reference signal is 
designed in time and frequency domain. 

INDUSTRIAL APUCABILITY 

20 As described above, fee present invention provides a new time-frequency domain 

reflectametry (TFDR) method, wherein an input signal is architected to fit to a wire/cable undo: test 
considering both time and frequency domains, and then, fee input signal as well as fee reflected signal 
from faults in the wire/cable under test are analyzed using a time-frequency analysis method. 
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Time-frequency domain reflectametry is a new instrumentation and measurement 
technology based cm an advanced signal processing, namely time-frequency analysis. Most 
contemporary reflectametry instrumentation and measurement devices are based on either the time 
domain or frequency domain only for detection and localization of faults, and impedance 

5 measurement Tins limits the performance in accuracy and resolution. However, joint time-frequency 
domain reflectametry allows one to apply reflectametry in both time domain and frequency domain 
together so that higher accuracy and resolution can be achieved Therefore, time-frequency domain 
reflectametry can be ^3plied to a variety of industries where high precision measurement and testing 
is required: oornrrnTnications, instrumentation & measurement, material engineering, semiconductors 

10 and aerospace & aeronautical etc. 

In addition to diagnosis of electric conductors* it can be applied to systems requiring high 
level of security such as aircraft and space shuttle industries, geognphic/resources surveys, material 
surface tests, radar/sonar purposes, communication network wirings, optical cable diagnoses, remote 
explorations, fluid pipe leakage detections, water gauges, etc., to allow a real-time diagnosis and 

IS monitoring of such system, and to enhance stability of the total system, by effectively assisting 
automatic maintenance of fee system. Moreover the time-frequency domain reflectomteay can be 
directly applied to commercial instrumentation devices for the enhancement of performance, ag., 
cable testers and impedance analyzers. Also time-frequency domain reflectametry can provide an 
improved solution to smart wiring systems and signal integrity problems where high resolution and 

20 accuracy are required 
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CLAIMS 

1. A time-frequency domam ^ 
electric conductor comprising: 
5 a wire/cable 600 to be tested which has fault(s) or is limited; 

an arbitrary wave form generator 300 that generates a desigoe^ 
and frequency domain for said amductar 600 under test; 

a data acquisition instrument 400 that stores said reference signal and said reflected signal 
from said conductor 600 undo* test, and transn^ stored f^^ a device control program 110 of a 
10 personal computer, 

a personal computer (PC) 100 capable of pe rformin g main control progr am of a 
predetermined time-frequency domain reflectametry, including: 

a device control program 110 that controls data acquisition devices detemrines time delay, 
voltage oflsei, and sampling level of a wave form, and architects an input signal; 
15 a time-frequency domain analysis control program 120 that analyzes time-frequency 

domain of said refaence signal and of said wave data reflected from said wire/cable, and 

a digital signal processing control program 130 that receives said files of said reference 
signal and said reflected wave inputted at said data acquisition instrument 400 through a general 
propose interface bus (GPEB), and then transmits the same to a dig^ 
20 a digital signal processor 200 that computes with a DSP program of said time-frequency 

domain analysis control program 120, to detect and locate fruits in said conductor; by calculating 
time-frequency distribution function of said reflected signal. 



25 



2. The time-frequency domain reflectametry apparatus of Claiml, wherein said input 
reference signal generated by said waveform generator 300 is a chirp signal having a Gaussian 
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envelope with a selected time distribution and a selected frequency domain, of which the frequency 
changes with time. 

3. Tlie time-frequency domain reflo 

5 data acquisition instrument 400 stores data values of said input signal and said reflected signal as two 
thermal vectors representing a time value and a voltage value, respectively, in foim of files. 

4. The time-frequency domain reflectametry apparatus of Claim 3, wherein said digital 
signal processor 200 computes time-frequency cross correlation function from time-frequency 

10 distribution function of input signal inputted from said PC 100 and time-frequency distribution 
function of said reflected wave; and furflier computes existence and location® of faults in said 
conductor from said time-ftequency cross correlation function. 

5. A time-frequency domain reflectametry method for measuring total length of a limited 
15 conductor, comprising the steps: 

of architecting an input signal localized simultaneously in a time domain and a frequency 

domain; 

of generating said architected input signal; 
of inputting said generated input signal into said conductor; 
20 of receiving reflected wave reflected from said conductor; and 

of transmitting said received reflected wave to a personal computer (PQ. 

6. The time-frequency domain reflectametry method of Claim 5 for detection and 
localization of die fruits in an electric wire/conductor, wherein a time duration, a frequency (band) 

25 width, and a frequency center of said input signal is architected considering the attenuation 
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characteristics and the expective measuring distance of said conductor 

7. Hie time-frequency domain reflectometry method of Claim 6 for detecting and locating 
faults in an electric conductor; wherein said input signal is a chirp signal having a Gaussian envelope 

5 with a selected time distribution and a selects 

8. The time-frequency domain reflectometry method for detecting and locating faults in an 
dectriccoiahictOTasstf 

reflectometry method comprises the steps: 
10 of confuting time-frequency distribution functions of said reflected wave and said input 

signal by measuring said reflected wave of said input signal; 

of computing time-frequency cross correlation function of said time-frequency distribution 
functions of said reflected wave and said input signal; 

of computing a time difference between time center of said irq>ut signal and time crater of 
15 said reflected wave from saidtime^frequeocy cross correlation function; and 

of corrpiting location® offeult(s) or a distance by multiplying progj^ speed of wave in 
said conductor by said time difference. 

9. Hie time-frequency domain reflectometry me&od for detecting and locating fiults in an 
20 electric wire/cable as set forth in any one ofQaims 5 through 7, wherein said time-frequency domain 
reflectometry method comprises the steps: 

of c ompu t ing time-frequency distribution functions of said reflected wave and said input 
'signal by measuring said reflected wave of said input signal; 

of computing time-frequency cross correlation function of said timo-frequency distribution 
25 functions of said reflected wave and said input signal; 
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of computing a time difference between time center of said input signal and time center of 
said reflected wave from said tim&fiequency cross correlation function; 

of localizing time-frequency distribution functions of said input signal and of said reflected 
signal from said time-frequency cross correlation function; 
5 of computing a time offset by calculating frequency displacement between said input 

reference signal and said reflected signal, and dividing said frequency displacement between said 
input signal and said reflected signal by time-frequency increase rate of said architected input signal, 
after the frequency marginal has been obtained from frequency domain of time^-frequency distribution 
functions of said localized input signal and said reflected signal; 
10 of computing a compensated time difference by adding said time difference to said time 

offset; and 

of computing locations) of faults) or a distance by multiplying said progress speed in said 
conductor by said compensated time difference. 
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FIG 6 
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